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ABSTRACT 
C o n t r o l  l ed po l  ye1 e c t r o l  y t e  a d s o r p t i o n  p r o v i d e s  a  power fu l  t o o l  f o r  use i n  
t h e  d e s i g n  o f  t h i n  niol ecu l  a r  f i l m s .  The a d s o r p t i o n  o f  p o l  ye1 e c t r o l y t e  cha ins  
wou ld  be expected t o  cause l a r g e  changes i n  t h e  de l  i c a t e  ba lance o f  f o r c e s  
t h a t  de termines t h e  s t r u c t u r a l  and f u n c t i o n a l  p r o p e r t i e s  o f  o r g a n i z e d  assem- 
b l i e s ,  i n c l u d i n g  monolayer,  b i l a y e r  and m u l t i l a y e r  f i l n i s .  B u t  i n  a d d i t i o n ,  
p o l  ye1 e c t r o l y t e  a d s o r p t i o n  i s  e x c e e d i n g l y  s e n s i t i v e  t o  env i ronment  , e.g . , t o  
pH, tempera tu re  and i o n i c  s t r e n g t h .  C o n t r o l l e d  a d s o r p t i o n  can t h e r e f o r e  se rve  
as a  mol ecu l  a r  s w i t c h i n g  niecha~iism, r e n d e r i n g  film p r o p e r t i e s  s e n s i t i v e  t o  
s e l e c t e d  chemical  and p h y s i c a l  s t i m u l i .  We have used t h i s  approach t o  e f f e c t  
m o l e c u l a r  s w i t c h i n g  i n  m i x t u r e s  o f  p o l y ( 2 - e t h y l  a c r y l  i c  a c i d )  w i t h  b i l  aye r  
v e s i c l  es o f  n a t u r a l  o r  s y n t h e t i c  p h o s p h a t i d y l c h o l  i nes .  I n  p a r t i c u l  a r ,  we have 
p repared  p h o s p h a t i d y l  c h o l  i n e  v e s i c l  es t h a t  r e l  ease t h e i r  c o n t e n t s  r a p i d l y  and 
q u a n t i t a t i v e l y  i n  response t o  changes i n  pH, tempera tu re  o r  g lucose  concen- 
t r a t i o n .  The des ign  and p r e p a r a t i o n  o f  respons ive  b i l  a y e r  membranes, and t h e  
k i n e t i c s  and mechanisms o f  t h e  a s s o c i a t e d  mol ecu l  a r  s w i t c h i n g  processes,  a r e  
d i s c u s s e d  he re in .  
The n a t u r a l  b i l  aye r  membranes t h a t  su r round  c e l l  s  and s u b c e l l  u l  a r  
o rgane l  1  es a r e  remarkab ly  1  i v e l y  and i n t e r a c t i v e  s t r u c t u r e s .  T h e i r  most 
r u d i m e n t a r y  f u n c t i o n  - t h a t  o f  d e f i n i n g  and p a r t i t i o n i n g  t h e  c e l l l r l a r  volume - 
i s  o n l y  one o f  many t a s k s  performed by these  membranes. I n  a d d i t i o n ,  t h e y  
r e c o g n i z e  o t h e r  c e l l s ,  t h e y  b i n d  drugs and hormones, t h e y  c o n t r o l  mass t r a n s -  
p o r t  i n t o  and o u t  o f  t h e  c e l l  , and t h e y  a r e  i n v o l v e d  i n  an i n t i m a t e  way i n  
c e l l  d i v i s i o n ,  i n  energy  t r a n s d u c t i o n ,  i n  chemical  s y n t h e s i s  and i n  i n fo rma-  
t i o n  f low.  Such membranes cannot  be s t a t i c ;  t h e i r  p r o p e r t i e s  must be v a r i a b l e  
and s u b j e c t  t o  c o n t r o l  by an a r r a y  o f  d i s t i n c t  chemical  and p h y s i c a l  s i g n a l s .  
The s t u d y  o f  biomembrane s i g n a l  1  i n g  processes i s  p r e s e n t l y  an area o f  enormous 
r e s e a r c h  a c t i v i t y  (1). 
The process o f  s y n a p t i c  t r a n s m i s s i o n  p r o v i d e s  a  p a r t i c u l a r l y  s t r i k i n g  
example o f  t h e  ways i n  wh ich  membrane response can be used t o  c o n t r o l  complex 
b i o l o g i c a l  f u n c t i o n .  F i g u r e  1 shows a  j u n c t i o n ,  o r  synapse, formed by a  
neuron and t h e  niuscle c e l l  s t i m u l a t e d  by it. Comniunication between these  
c e l  l s  i s  accompl i s h e d  by t h e  re1 ease o f  a c e t y l  c h o l  i n e  f rom t h e  neuron, d i f -  
f u s i o n  o f  a c e t y l c h o l  i n e  across  t h e  s y n a p t i c  c l e f t ,  and b i n d i n g  o f  t h e  neuro-  
t r a n s m i t t e r  t o  t h e  s u r f a c e  o f  t h e  p o s t s y n a p t i c  nienibrane. But  what t r i g g e r s  
t h e  r e l e a s e  o f  a c e t y l c h o l i n e ?  Whi le  t h i s  i s  s t i l l  a  s u b j e c t  o f  some c o n t r o -  
v e r s y ,  t h e  c o n v e n t i o n a l  v iew ( 2 )  i s  t h a t  a c e t y l c h o l i n e  i s  packaged i n  t h e  
neuron i n  membrane-bounded s y n a p t i c  v e s i c l e s ,  and t h a t  n e u r o t r a n s m i t t e r  
r e l e a s e  r e s u l t s  f rom f u s i o n  o f  t h e  v e s i c u l a r  and axonal  membranes. The mech- 
anism o f  membrane f u s i o n ,  and t h e  p r e c i s e  n a t u r e  o f  t h e  s i g n a l  t h a t  d r i v e s  i t, 
a r e  n o t  f u l  l y  unders tood,  b u t  i t  i s  c l  e a r  t h a t  membrane depol a r i z a t i o n  and 
e l e v a t e d  c o n c e n t r a t i o n s  o f  c a l c i u m  i o n  a r e  r e q u i r e d  f o r  n e u r o t r a n s m i t t e r  
r e l e a s e .  Thus t h e  enormously complex process o f  l o c o m o t i o n  i s  c o n t r o l l e d  a t  
t h e  l e v e l  o f  t h e  niuscle c e l l  by a  c o n c e p t u a l l y  s i n ~ p l e  process o f  s i g n a l -  
s e n s i t i v e  re1 ease o f  a  chemical  substance f rom a  v e s i c u l a r  s t o r a g e  s i t e .  
We have begun t o  deve lop s y n t h e t i c  v e s i c l e  systems t h a t  w i l l  r e l e a s e  
t h e i r  c o n t e n t s  i n  s i m i l a r  f a s h i o n ,  i.e., i n  response t o  we1 1 - d e f i n e d  chemical  
and p h y s i c a l  s i g n a l s  (3- 5) .  Our approach has been t o  use s y n t h e t i c  p o l y e l e c -  
t r o l y t e s  t o  c o n t r o l  t h e  s e l f - a s s e m b l y  o f  membrane- forming s u r f a c t a n t s ,  and 
t h e n  t o  exp l  o i  t t h e  c o n f o r m a t i o n a l  t r a n s i t i o n s  o f  t hose  po l  ye1 e c t r o l y t e s  t o  
" s w i t c h "  t h e  s t r u c t u r a l  and f u n c t i o n a l  p r o p e r t i e s  o f  t h e  s u r f a c t a n t  membrane. 
The advantages o f  p o l y e l e c t r o l y t e s  i n  t h i s  r o l e  a r e  t w o- f o l d .  F i r s t ,  t h e  
c o o p e r a t i v i t y  c h a r a c t e r i s t i c  o f  macromol ecu l  a r  processes a l  l o w s  us t o  niake 
v e r y  s h a r p l y  d e f i n e d  ( " o n - o f f " )  changes i n  t h e  c r i t i c a l  p r o p e r t i e s  o f  t h e  
membrane. Second, we can des ign  i n t o  a  s ing1 e  macromol e c u l  e  s e v e r a l  d i f f e r e n t  
f u n c t i o n s ;  e.g., a  s i n g l e  c h a i n  m i g h t  c a r r y  d i s t i n c t  f u n c t i o n a l  groups 
des igned  t o :  i ) .  anchor t h e  c h a i n  on t h e  membrane s u r f a c e ,  i i ) .  r e c e i v e  t h e  
s i g n a l  and ii i )  . r e o r g a n i z e  t h e  membrane s t r u c t u r e .  Molecu l  a r  sw i t ches  
1 a c k i  ng macroniol ecu l  a r  s i z e  canno t  accomniodate such 111ul t i  p l  i c i t y  o f  f u n c t i o n .  
We d e s c r i b e  i n  t h e  p r e s e n t  paper ou r  work on t h e  development o f  macro- 
m o l e c ~ ~ l a r  sw i t ches  t h a t  can be used t o  c r e a t e  phosphol i p i d  v e s i c l e  membranes 
t h a t  a r e  s e n s i t i v e  t o  pH, tempera tu re  o r  g lucose c o n c e n t r a t i o n .  Very sub- 
s t a n t i a l  c o n t r i b u t i o n s  t o  t h e  development o f  m o l e c u l a r  s w i t c h e s  f o r  b i l  aye r  
membranes have been made i n d e p e n d e n t l y  by Sh inka i  , Kajiyama, Kuni t a k e  and 
Okahata ( 6 ) ,  b u t  because t h e i r  s w i t c h i n g  mechanisms a r e  q u i t e  d i f f e r e n t  f rom 
o u r  own, we w i l l  n o t  d i s c u s s  t h i s  work here. The reader  i s  encouraged t o  
c o n s u l t  r e f .  6  f o r  l e a d i n g  r e f e r e n c e s  t o  these  v e r y  i n t e r e s t i n g  papers. 
The P o l y ( 2 - E t h y l  a c r y l  i c  A c i d )- P h o s p h a t i d y l c h o l  i n e  System. Most o f  ou r  
work t o  d a t e  has been concerned w i t h  t h e  i n t e r a c t i o n s  o f  p o l y ( a c r y l  i c  a c i d )  
d e r i v a t i v e s  w i t h  v e s i c l  e  membranes prepared f rom p h o s p h a t i d y l  c h o l  i n e s .  I n  
p a r t i c u l a r ,  p o l y ( 2 - e t h y l  a c r y l  i c  a c i d )  (PEAA, #u 1 )  i s  a  hydrophob ic  p o l y ( c a r b -  
o x y l  i c  a c i d )  known t o  undergo a  c o n f o r m a t i o n a l  t r a n s i t i o n  f rom an expanded 
c o i l  a t  h i g h  pH t o  a  g l o b u l a r  s t r u c t u r e  i n  a c i d i c  aqueous s o l u t i o n s  (7 -9) .  
That  t h i s  c o n f o r m a t i o n a l  t r a n s i t i o n  occurs  near n e u t r a l  pH ~i iakes PEAA a  
c a n d i d a t e  f o r  use i n  mol ecu l  a r  s w i t c h i n g  processes i n  p h y s i o l o g i c  f l  u i d s  , and 
perhaps f o r  pH- cont ro l  l ed drug de l  i v e r y  t o  body compartments more a c i d i c  t h a n  
t h e  nornial c i r c u l  a t o r y  system. 
2 a: R = Ci5H31 
N b: R = mlxed hydrocarbon cha ins  
C :  R = C13H2, 
d :  R = Cl1H2, 
The p h o s p h a t i d y l c h o l  i n e s  ( 2 )  a r e  c o n v e n i e n t  as a  source o f  pure,  s t r u c -  
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t u r a l  l y  v a r i a b l  e  s u r f a c t a n t s  capabl  e  o f  f o r m i n g  s tab1 e  b i l  aye r  membranes i n  
aqueous suspensions.  I n  a d d i t i o n ,  o f  course,  t h e y  a r e  t h e  predominant  l i p i d s  
i n  t h e  e x t r a c e l l  u l  a r  mono1 aye r  o f  ~na~iinial a n  c e l l  membranes, and so a r e  t h e  
n a t u r a l  c h o i c e  f o r  f a b r i c a t i o n  o f  v e s i c u l a r  systems f o r  de l  i v e r y  o f  d rugs and 
o t h e r  b i o l o g i c a l  m a t e r i a l  s (10 ) .  Phosphat idy l  c h o l  i n e s  , 1  i ke o t h e r  doub le-  
c h a i n  s u r f a c t a n t s ,  can be forniu l  a t e d  i n t o  s i n g l e -  o r  mu1 t i p l e - w a l  l e d  v e s i c l e s  
t h r o u g h  a  v a r i e t y  o f  we1 l - e s t a b l  i s h e d  procedures  (11,12). 
F i g u r e  2 p r e s e n t s  t h e  work ing  h y p o t h e s i s  t h a t  has m o t i v a t e d  much o f  o u r  
i n v e s t i g a t i o n  o f  t h e  PEAA-phosphatidyl c h o l  i ne systeni. Tlie sugges t ion  i s  t h a t  
p r o t o n a t i o n  o f  t h e  a c i d i c  s i t e s  on PEAA d r i v e s  t h e  p o l y e l e c t r o l y t e  c h a i n  t o  
t h e  membrane su r face ,  and t h a t  c o l l  apse o f  t h e  c h a i n  t r i g g e r s  r e o r g a n i z a t i o n  
o f  t h e  s u r f a c t a n t  f rom v e s i c u l a r  t o  m i c e l l a r  form. F i g u r e  2  i s  no t  meant t o  
i m p l y  t h a t  each n i i c e l l e  c o n t a i n s  a  s i n g l e  polymer c h a i n  o r  t h a t  t h e  c h a i n  i s  
b u r i e d  i n  t h e  m i c e l l a r  core. The f o l l o w i n g  s e c t i o n s  examine t h e  v a l  i d i t y  o f  
o u r  work ing  hypo thes is  and i t s  e x p l o i t a t i o n  i n  t h e  des ign  o f  p h o s p h a t i d y l -  
c h o l i n e  membranes s e n s i t i v e  t o  pH, temperature  o r  g lucose c o n c e n t r a t i o n .  
pH-Sensi t i v e  Phosphat idy l  c h o l  i ne Membranes. F i  gure  2  makes t h r e e  r e a d i l y  
t e s t a b l  e  p r e d i c t i o n s  concern ing  t h e  changes t h a t  shoul d  accompany a c i d i f i c a -  
t i o n  o f  phospha t idy l  c h o l  i n e  suspensions i n  aqueous so l  u t i o n s  o f  PEAA. F i r s t  , 
s t r u c t u r a l  r e o r g a n i z a t i o n  o f  t h e  s u r f a c t a n t  from v e s i c u l  a r  form i n t o  mixed 
mice1 l es shoul d  cause a  l arge  decrease i n  aggregate s i z e .  Mu1 t i 1  amel 1 a r  phos- 
p h a t i d y l  c h o l  i n e  v e s i c l  es a r e  t y p i c a l  l y  severa l  hundred nanometers i n  d iameter ,  
whereas mice7 1  es shoul d  be o f  s i z e s  comparabl e  t o  t w i c e  t h e  s u r f a c t a n t  c h a i n  
l e n g t h  (ca. 5 nm). Second, t h e  hydrocarbon c h a i n  o r d e r  c h a r a c t e r i s t i c  o f  
m u l t i l a m e l l a r  v e s i c l e s  shou ld  be l o s t ,  s i n c e  c h a i n  pack ing i n  t h e  m i c e l l a r  
aggrega te  shou ld  be d i s r u p t e d  by polymer-1 i p i d  m i x i n g  and by t h e  h i g l ~ l y  
cu rved  aggregate geometry. F i n a l l y ,  F i g u r e  2  suggests t h a t  a  depress ion  o f  pH 
s h o u l d  l e a d  t o  q u a n t i t a t i v e  r e l  ease o f  any v e s i c l  e- entrapped, wa te r- so l  u b l  e  
substances.  
F i g u r e  3 shows t h a t  our  e x p e c t a t i o n s  r e g a r d i n g  aggregate  s i z e  and hydro-  
carbon  c h a i n  pack ing a r e  f u l f i l l e d .  The F i g u r e  shows a  p l o t  o f  t h e  o p t i c a l  
d e n s i t y  o f  a  suspension o f  d i p a l m i t o y l  p h o s p h a t i d y l c h o l  i n e  (DPPC, NN 2a) i n  an 
aqueous s o l u t i o n  o f  PEAA, ove r  t h e  pH range 5.9 t o  7.6. The o p t i c a l  d e n s i t y  
d rops  s h a r p l y  between pH 6.7 and pH 6.4 as t h e  suspension i s  a c i d i f i e d ,  and 
suggests  t h a t  t h e  s u r f a c t a n t  i s  indeed reo rgan ized  i n t o  s m a l l e r  aggregates a t  
l o w  pH. The s t r u c t u r a l  t r a n s i t i o n  i s  remarkab ly  ab rup t ,  and suppor t s  ou r  
a s s e r t i o n  t h a t  macromol ecu l  a r  spec ies  may be u n i q u e l y  u s e f u l  i n  e f f e c t i n g  
" o n- o f f "  s w i t c h i n g  i n  b i l a y e r  f i l m s .  That  t h e  change i n  o p t i c a l  d e n s i t y  i s  
i n  f a c t  a  r e s u l t  o f  a  change i n  aggregate  s i z e  i s  suppor ted by nieasurements o f  
p a r t i c l e  d i f f u s i o n  r a t e s  v i a  a  q u a s i e l a s t i c  l i g h t  s c a t t e r i n g  techn ique  (13 ) .  
F i g u r e  3 a l s o  shows t h e  pH-dependence o f  t h e  w i d t h   AT^,^) o f  t h e  
t h e r m a l l y  induced phase t r a n s i t i o n  i n  t h e  DPPC b i l a y e r .  Pure DPPC i s  pH- 
i n s e n s i t i v e  o v e r  t h i s  range, b u t  t h e  PEAA-modified sample mel t s  s h a r p l y  o n l y  
a t  h i g h  pH. The t r a n s i t i o n  h a l f - w i d t l i  i n c r e a s e s  r a p i d l y  between pH 6.7 and pH 
6.4, and i n  more a c i d i c  s o l u t i o n s  t h e  phase t r a n s i t i o n  i s  v i r t u a l l y  absent. 
The absence o f  a  phase t r a n s i t i o n  i s  c o n s i s t e n t  w i t h  m i c e l l a r  aggregat ion .  
F i g u r e  4 shows t h e  r e s u l t s  o f  t h e  f u n c t i o n a l  t e s t  o f  t h e  PEAA-phosphati- 
d y l  c h o l  i n e  system. The F i g u r e  shows t h e  e f f l  ux o f  a  dye ( c a r b o x y f l  uo roesce i  n )  
f rom u n i l  amel l a r  v e s i c l e s  o f  egg yo1 k p h o s p h a t i d y l  c h o l  i n e  (2b)  suspended i n  
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aqueous PEAA. Tlie escape o f  t h e  dye i s  s low a t  pH 7.4, b u t  t h e  v e s i c l e  con- 
t e n t s  a r e  de l  i v e r e d  r a p i d l y  and q u a n t i t a t i v e l y  t o  t h e  e x t r a v e s i c u l  a r  space 
upon a c i d i f i c a t i o n  t o  pH 6.5. We have s i n c e  demonstrated t h e  p H- t r i g g e r e d  
r e 1  ease o f  o t h e r  substances from phospha t idy l  c h o l  i n e  v e s i c l  es by t h i s  method, 
and t h e  t e c h n i q u e  shou ld  be c o m p l e t e l y  genera l  i n  i t s  a p p l i c a t i o n  t o  t h e  
c o n t r o l  l ed re1 ease o f  wa te r- so l  u b l  e  compounds. 
Sur face- Anchor ing  o f  ~ o l y ( 2 - E t h y l  a c r y l  i c  Ac id ) .  The b i l a y e r  s w i t c h i n g  
processes d e s c r i b e d  i n  t h e  p reced ing  s e c t i o n s  r e l y  on a d s o r p t i o n - d e s o r p t i o n  
e q u i l i b r i a  t o  e f f e c t  s t r u c t u r a l  r e o r g a n i z a t i o n  o f  t h e  s u r f a c t a n t  aggregate.  
Such processes a r e  o f  cou rse  i m p r a c t i c a l  i n  c o n t r o l l e d  drug d e l i v e r y .  
I n s t e a d ,  t h e  p o l y e l e c t r o l y t e  c h a i n  must be bound i r r e v e r s i b l y  t o  t h e  membrane 
s u r f a c e ,  so t h a t  t h e  sys temic  pol  ye1 e c t r o l  y t e  c o n c e n t r a t i o n  i s  e f f e c t i v e l y  
zero .  Under c o n d i t i o n s  o f  h i g h  pH, such a  v e s i c l e  c a r r i e s  a  s u r f a c e  c o a t  o f  
expanded po l  ye1 e c t r o l y t e  cha ins .  A c i d i f i c a t i o n  w i l l  t h e n  se rve  t o  c o l l  apse 
t h e  s u r f a c e  l a y e r  w i t h  r u p t u r e  o f  t h e  v e s i c u l a r  membrane and r e l e a s e  o f  
v e s i c l e  c o n t e n t s  ( F i g u r e  5) .  
A  system o f  t h e  k i n d  r e p r e s e n t e d  s c h e m a t i c a l l y  i n  F i g u r e  5  has r e c e n t l y  
been prepared by Mizuo Maeda o f  t h i s  l a b o r a t o r y  (14 ) .  The method i n v o l v e s  t h e  
coup1 i n g  o f  t h i o l a t e d  PEAA t o  egg p h o s p h a t i d y l c h o l  i n e  v e s i c l e s  c o n t a i n i n g  
a  few p e r c e n t  o f  t h e  male imido p h o s p h o l i p i d  3. Michae l  a d d i t i o n  o f  t h e  
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polymer-bound t h i o l  groups t o  t h e  male imide f u n c t i o n s  o f  t h e  s u r f a c e  r e s u l t s  
i n  i m m o b i l i z a t i o n  o f  ca. 60 ug o f  PEAA pe r  mg o f  l i p i d .  F o l l o w i n g  f r a c t i o n a -  
t i o n  o f  t h e  sample on a  s i z e  e x c l u s i o n  column t o  separa te  v e s i c l e s  f rom f r e e  
PEAA, a c i d i f i c a t i o n  o f  t h e  v e s i c l e  suspens ion causes r a p i d  r e l e a s e  o f  v e s i c l e  
c o n t e n t s .  These r e s u l t s  demonst ra te  t h a t  i t  i s  indeed p o s s i b l e  t o  anchor 
s u f f i c i e n t  PEAA t o  e f f e c t  u s e f u l  changes i n  membrane s t r u c t u r e  and f u n c t i o n .  
We b e l i e v e  t h a t  anchored systems o f  t h i s  k i n d  show p a r t i c u l a r  promise i n  
c o n t r o l  l ed re1 ease techno1 og ies .  
Temperature-Dependence o f  Membrane Reorgan iza t i on .  The pol  ye1 e c t r o l y t e -  
induced  r u p t u r e  o f  egg yo1 k  p h o s p h a t i d y l  c h o l  i n e  v e s i c l  es f o l l  owing a c i d i f i -  
c a t i o n  a t  room tempera tu re  i s  r a p i d ,  as imp1 i e d  by t h e  prompt r e l e a s e  o f  
en t rapped  c a r b o x y f l  u o r e s c e i  n  shown i n  F i g u r e  4. I n  general  , however, t h e  r a t e  
o f  nie~iibrane r e o r g a n i z a t i o n  i s  a  s t r o n g  f u n c t i o n  o f  t h e  phase diagram o f  t h e  
s u r f a c t a n t  aggregate.  For a  g i v e n  s u r f a c t a n t ,  then,  t h e  r a t e  o f  r e o r g a n i z a-  
t i o n  i s  h i g h l y  dependent on temperature .  As an example, t h e  l o s s  o f  o p t i c a l  
d e n s i t y  a s s o c i a t e d  w i t h  t h e  PEAA-induced r u p t u r e  o f  v e s i c l e s  o f  d i m y r i s t o y l -  
p h o s p h a t i d y l  c h o l  i n e  (DMPC, 2c)  i s  c h a r a c t e r i z e d  by a  ha l  f - t i m e  o f  seve ra l  
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hours  a t  lg°C, as compared t o  a  h a l f - t i m e  o f  20-25 seconds a t  24OC, t h e  main 
phase t r a n s i t i o n  tempera tu re  (5 ) .  
T h i s  o b s e r v a t i o n  a l l o w s  one t o  f o r m u l a t e  v e s i c l e s  t h a t  w i l l  r e l e a s e  t h e i r  
c o n t e n t s  i n  response t o  snia l l  changes i n  temperature .  It i s  necessary o n l y  t o  
work below t h e  main phase t r a n s i t i o n  tempera tu re  o f  t h e  l i p i d  b i l a y e r ,  and 
t o  a d j u s t  t h e  pH t o  a v a l u e  more a c i d i c  than  t h e  " c r i t i c a l "  pH f o r  membrane 
r e o r g a n i z a t i o n .  The r e s u l  t i s  a  k i n e t i c a l  l y  "s tab1  e" membrane t h a t  w i l l  
r u p t u r e  on warming t h r o u g h  t h e  phase t r a n s i t i o n ,  w i t h  r a p i d  and q u a n t i t a t i v e  
r e l e a s e  o f  v e s i c l e  con ten ts .  
F i g u r e  6  shows t h e  r e s u l t s  o f  an e v a l u a t i o n  o f  t h i s  idea.  The F i g u r e  
shows t h e  tempera tu re  dependence o f  t h e  o p t i c a l  d e n s i t y  o f  a  suspension o f  
DPPC i n  a  m i l d l y  a c i d i c  (pH 6.5) s o l u t i o n  o f  PEAA. The o p t i c a l  d e n s i t y  r e -  
mains h i g h  as t h e  suspens ion i s  warmed f rom room tempera tu re  t o  a p p r o x i m a t e l y  
41°C, whereupon m e l t i n g  o f  t h e  b i l a y e r  r e s u l t s  i n  r a p i d  r e o r g a n i z a t i o n  o f  t h e  
s u r f a c t a n t  i n t o  mice1 1  a r  aggregates.  Al though we have n o t  determined t h e  
tempera tu re  dependence o f  t h e  permeabi l  i t y  o f  t h i s  system, i t  i s  v i r t u a l l y  
c e r t a i n  t h a t  membrane r e o r g a n i z a t i o n  would r e s u l t  i n  q u a n t i t a t i v e  r e l e a s e  
o f  v e s i c l e  con ten ts .  One m i g h t  e n v i s i o n  t h e  use o f  such systems i n  t h e  
c o n t r o l  l ed d e l  i v e r y  o f  d i a g n o s t i c  o r  t h e r a p e u t i c  agents  t o  r e g i o n s  o f  l o c a l  
hyper the rm ia ,  s i n c e  t h e  r a t e s  and magni tudes o f  t h e  p e r m e a b i l i t y  changes 
ach ieved  i n  these  systems would be expected t o  be much g r e a t e r  t h a n  those  t h a t  
a r e  i n t r i n s i c  t o  t h e  b i l a y e r  phase t r a n s i t i o n .  
G l  ucose-Dependent D i s r u p t i o n  o f  Phosphol i p i d  V e s i c l  e  Membranes ( 5 ) .  
P r o f e s s o r  A. S. Hoffman suggested t o  us a  s h o r t  t i m e  ago t h a t  we m i g h t  combine 
t h e  c h e m i s t r y  j u s t  d e s c r i b e d  w i t h  enzymat ic g e n e r a t i o n  o f  H+, because i n  do ing  
so  we shou ld  produce membranes t h a t  would be s e n s i t i v e  t o  sma l l  c o n c e n t r a t i o n s  
o f  t h e  o r g a n i c  compounds t h a t  se rve  as s u b s t r a t e s  f o r  t hose  enzymat ic  reac-  
t i o n s .  Wh i le  t h i s  i d e a  i s  q u i t e  genera l ,  P ro fesso r  Hoffman suggested s p e c i f i -  
c a l l y  t h a t  we m i g h t  beg in  w i t h  enzymat ic  o x i d a t i o n  o f  g lucose  t o  g l u c o n i c  
a c i d .  Such a  g l u c o s e- s e n s i t i v e  membrane system m i g h t  f i n d  a p p l i c a t i o n  i n  
s e l  f - r e g u l  a t e d  i n s u l  i n  de l  i v e r y  o r  i n  m o n i t o r i n g  o f  g l  ucose c o n c e n t r a t i o n s  i n  
p h y s i o l o g i c  f l u i d s .  
F i g u r e  7  shows t h e  r e s u l t s  o f  an exper iment  i n  which d i l a u r o y l p h o s p h a t i -  
d y l c h o l i n e  (DLPC, 2d) was suspended i n  an u n b u f f e r e d  s o l u t i o n  o f  PEAA and 
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g lucose  ox idase  a t  pH 7.4. A f t e r  s e v e r a l  minutes  d u r i n g  which t h e  t u r b i d i t y  
o f  t h e  suspens ion remained s t a b l e ,  g lucose  was added a t  a c o n c e n t r a t i o n  o f  1.3 
mg/mL (17 ) .  The o p t i c a l  d e n s i t y  o f  t h e  suspens ion t h e n  f e l l  r a p i d l y ,  and 
reached a  v a l u e  l e s s  t h a n  10% o f  t h e  o r i g i n a l  a f t e r  a p p r o x i m a t e l y  30 min. 
C o n t r o l  exper iments  i n  which g lucose  was added t o  po l ymer- f ree  suspensions 
r e v e a l  ed no l o s s  o f  t u r b i d i t y  on s i m i l  a r  t i m e s c a l  es. 
We have n o t  determined t h e  permeabi l  i t y  changes a s s o c i a t e d  w i t h  t h e  
membrane r e o r g a n i z a t i o n  i l l u s t r a t e d  i n  F i g u r e  7, b u t  as b e f o r e ,  we a s s e r t  
t h a t  t h e  b a r r i e r  p r o p e r t i e s  o f  t h e  membrane must be l o s t .  T h i s  t e c h n i q u e  thus  
a l l o w s  us t o  r e n d e r  membrane p r o p e r t i e s  s e n s i t i v e  t o  g lucose,  and by i n f e r e n c e ,  
t o  many o t h e r  s u b s t r a t e s  t h a t  may be conver ted  t o  a c i d i c  p r o d u c t s  by o x i d a t i v e  
o r  h y d r o l y t i c  processes.  The t e c h n i c a l  problems t o  be overcome i n  p r a c t i c a l  
app l  i c a t i o n s  o f  t h i s  concept  a r e  s u b s t a n t i a l  , b u t  t h e  fundamental p r o b l  em o f  
c o n t r o l  o f  membrane s t r u c t u r e  has been overcome. 
CONCLUSIONS 
C o n t r o l l e d  a d s o r p t i o n  o f  p o l y ( 2 - e t h y l a c r y l i c  a c i d )  can be used t o  render  
p h o s p h a t i d y l  c h o l  i n e  v e s i c l  es s e n s i t i v e  t o  pH, t o  tempera tu re  o r  t o  g l  ucose 
c o n c e n t r a t i o n .  P o l y ( 2 - e t h y l a c r y l i c  a c i d )  can a l s o  be anchored i r r e v e r s i b l y  on 
v e s i c l e  s u r f a c e s ,  i n  amounts s u f f i c i e n t  t o  e f f e c t  r a p i d  m o l e c u l a r  s w i t c h i n g .  
The mechanism o f  membrane r e o r g a n i z a t i o n  has been i d e n t i f i e d  as a  process a k i n  
t o  a  v e s i c l  e- to- mice1 1  e  t r a n s i t i o n .  Appl i c a t i o n s  o f  swi t c h a b l  e  v e s i c l  e  sys-  
tems i n  b i o l o g y  and med ic ine  a r e  r e a d i l y  imagined. 
ACKNOWLEDGMENTS 
T h i s  paper d e s c r i b e s  t h e  work o f  Doreen Takigawa, K e n j i  Sek i ,  K e i t h  
Borden, B r i a n  Devl i n  and Mizuo Maeda. Each has made i m p o r t a n t ,  independent  
c o n t r i b u t i o n s  t o  i t s  success. Th is  research  program has been suppor ted by 
g r a n t s  f rom t h e  3M Co., f rom t h e  NSF M a t e r i a l s  Research L a b o r a t o r y  o f  t h e  
U n i v e r s i t y  o f  Massachuset ts,  and f rom t h e  P r e s i d e n t i a l  Young I n v e s t i g a t o r  
Awards Program o f  t h e  N a t i o n a l  Science Foundat ion.  
References 
W. Hoppe, W. Lohmann, H. Mark1 and H. Z i e g l e r ,  eds. B i o p h y s i c s ,  
S p r i  nge r- Ver l  ag , B e r l  i n , 1983. 
R.N. Robertson,  The L i v e l y  Membranes, Cambridge U n i v e r s i t y  Press, 
Cambridge, 1983, p. 159. 
K. Seki and D.A. T i  r r e l l  , Macromol ecu l  es 17 (1984) , 1692. "pH-Dependent 
Complexat ion  o f  P o l y ( a c r y 1 i c  a c i d )  ~ e r i v a E v e s  w i t h  P h o s p h o l i p i d  V e s i c l e  
Membranes.' 
D.A. T i r r e l l ,  D.Y. Takigawa and K. Sek i ,  Ann. N.Y. Acad. Sci. ,  446 (1985),  
237. "pH-Sensi t i z a t i o n  o f  Phosphol i p i d  V e s i c l e s  v i a  Compl e x a t i c w i  t h  
S y n t h e t i c  Po ly (ca rboxy1  i c  a c i d ) s  .'I 
6. P. Devl i n  and D.A. T i  r r e l l  , Macromol ecu l  es 19 (1986) , 2465. " G l  ucose- 
Dependent D i s r u p t i o n  o f  Phosphol i p i d  V e s i c l  e w m b r a n e s  ." 
a. Y. Okahata, H. Noguchi and T. Sek i ,  Macromolecules 20 (1987) ,  15. 
F u n c t i o n a l  Capsul e Membranes 26. Permeabil  i t y  C o n t r o l  3 Pol ymer- Graf ted 
Capsule Membranes Responding t o  Ambient pH Changes." b. S. S h i n k a i ,  S. 
Nakamura, K. Ohara, S. Tachi  k i  , 0. Manabe and T. Kaj iyama, Macromol ecu l  es 
20, (1987) ,  21. "Compl e t e  Thermocont ro l  o f  I o n  Permeat ion t h r o u g h  Ternary  
-
Co~iiposi t e  Membranes Con~posed o f  Pol y m e r - L i q u i d  C r y s t a l  Aniphi p h i 1  i c  Crown 
Ethers ."  
F. F i c h t n e r  and H. Schonert ,  C o l l o i d  Polym. Sci .  255 (19771, 230. 
" K o o p e r a t i v e  Zustandsanderung von Pol y a t h y l  a c r y l  saure  i n  w a s s r i g e r  
Losung.II 
D.E. Joyce and T. Kurucsev, Polymer 22 (1981), 415. "Hydrogen I o n  
E q u i l  i b r i a  i n  Po ly (methacry1 i c  a c i d l a n d  P o l y ( e t h a c r y 1  i c  a c i d )  So lu t i ons . "  
S. Sugai, K. N i t t a ,  N. Ohno and H. Nakano, C o l l o i d  Polym. Sc i .  - 261 (1983) ,  
159. "Con fo rmat iona l  S t u d i e s  o f  P o l y ( e t h a c r y 1  i c  a c i d )  i n  Aqueous S a l t s  
b y  P o t e n t i o m e t r i c ,  V i s c o m e t r i c ,  Opt ica , l  and 1H-NMR Measurements .I1 
D.A. T i r r e l l ,  L.G. Donaruma and A.B. Turek, eds. Macron~o lecu les  as Drugs 
and as C a r r i e r s  f o r  B i o l o g i c a l l y  A c t i v e  M a t e r i a l s ,  Ann. N.Y. Acad. Sci .  
446 (19851, pp. 1-458. 
D.W. Deamer and P.S. Uster ,  i n  M. Ost ro ,  ed., Liposomes, Marcel  Dekker, 
New York, 1983, p. 27. 
F. Szoka and D. Papahadjopoulos,  Annu. Rev. Biophys. Bioeng. 9 (1980) ,  
467. "Comparat ive P r o p e r t i e s  and Methods o f  P r e p a r a t i o n  o f  ~ i p i d  
-
V e s i c l  es ( L i  posomes) .I' 
K.M. Eum, K.H. Lang ley  and D.A. T i r r e l l ,  t o  be pub l i shed .  
14. M. Maeda and D.A. T i r r e l l ,  t o  be pub l i shed .  
15. B.P. D e v l i n  and D.A. T i r r e l l ,  t o  be pub l i shed .  
16. Normal c o n c e n t r a t i o n s  o f  g l ~ ~ c o s e  i n  plasma o f  n o n d i a b e t i c  h l~~ i ians  a r e  i n  
t h e  range 0.7-1.4 mg/mL. A.L. Lehn inger ,  B iochemis t r y ,  Worth New York, 
1975, p. 831. 
FIGURE CAPTIONS 
F i g u r e  1. Schematic i l l u s t r a t i o n  o f  s y n a p t i c  t r a n s m i s s i o n  a t  t h e  neuromus- 
c u l  a r  j u n c t i o n .  Membrane d e p o l a r i z a t i o n  coup led  w i t h  an i n f l u x  o f  
~ a 2 +  ( t o p )  s t i m u l a t e s  f u s i o n  o f  t h e  axonal membrane and t h e  mem- 
branes o f  some number o f  s y n a p t i c  v e s i c l  es (bo t tom) .  A c e t y l  c h o l  i n e  
i s  r e l e a s e d  i n t o  t h e  s y n a p t i c  c l e f t  and b i n d s  t o  r e c e p t o r s  on t h e  
s u r f a c e  o f  t h e  p o s t s y n a p t i c  membrane. Adapted f rom r e f .  2. 
F i g u r e  2. Working h y p o t h e s i s  concern ing  mechanism o f  pH-dependent s t r u c t u r a l  
r e o r g a n i z a t i o n  i n  m i x t u r e s  o f  p o l y ( 2 - e t h y l a c r y l i c  a c i d )  and phos- 
p h a t i d y l c h o l  i n e s .  From D. Y. Takigawa and D.A. T i r r e l l  , Makromol . 
Chem. Rapid Comniun. - 6  (19851, 653. 
F i g u r e  3. pH-Dependences o f  o p t i c a l  d e n s i t y  (0. D. ) and c a l o r i m e t r i c  phase 
t r a n s i t i o n  w i d t h   AT^,^) i n  suspensions o f  DPPC i n  aqueous PEAA 
s o l u t i o n s .  The PEAA used i n  these  exper iments  c a r r i e d  a p p r o x i -  
mate1 y 1.5 x  10'3 mol-% pyrene as a  fl uo rescen t  l abel  . K.A. Borden, 
K.M. Eum, K. H. Langl ey  and D.A. T i  r r e l l  , Macromol ecu l  es - 20 (19871, 
i n  press.  
F i g u r e  4. E f f l u x  o f  c a r b o x y f l u o r e s c e i n  f roni  s o n i c a t e d  egg yo1 k  phospha t i -  
d y l c h o l  i n e  v e s i c l e s  suspended i n  50   TIM Tris-HC1 , 100 mM NaCl a t  
i n d i c a t e d  pH. From r e f .  4. 
F i g u r e  5. Schematic ill u s t r a t i o n  o f  v e s i c l  e  d i s r u p t i o n  by surface- bound 
p o l  ye1 e c t r o l y t e .  The darkened r e c t a n g l  es r e p r e s e n t  hydrophob ic  
a n c h o r i n g  groups a t t a c h e d  i n  smal l  amounts t o  t h e  p o l  ye1 e c t r o l y t e  
cha in .  
F i g u r e  6. O p t i c a l  d e n s i t y  (400  nm) o f  a  mu1 t i l a m e l l a r  suspens ion o f  DPPC i n  
aqueous PEAA, pH 6.5, as a  f u n c t i o n  o f  temperature .  
F i g u r e  7. O p t i c a l  d e n s i t y  o f  a  m u l t i l a m e l l a r  suspension o f  DLPC i n  an aqueous 
s o l u t i o n  o f  PEAA and g lucose  ox idase,  p r i o r  and subsequent t o  add i-  
t i o n  o f  g lucose.  From r e f .  5. 
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